The scattering problem of plane SH waves by convex circular-arc topography is investigated. The series solution corresponding to this problem is derived via the wavefunction expansion method, combining with the region-matching technique. For the semi-circular case, the proposed formulation can be reduced to a simpler form than that given in the literature and consequently is easier to calculate. Both the steady-state and transient responses for some parameters are evaluated and discussed. Besides, based on the theory of geometric optics, for a concave mirror the focusing of light will take place, implying that analogous phenomenon may arise in the case of present topography. Such a focusing phenomenon will cause localized concentration of high amplitude of wave motion, which may have a great influence on underground structures. Therefore, the focusing effect by convex circular-arc surface is further examined in both the frequency and time domains. Numerical results show that the geometry under consideration is indeed capable of focusing wave energy, which is a significant contributor to the amplification behaviour .
I N T RO D U C T I O N
After the devastating event of the 1994 Northridge earthquake (USGS & SCEC 1994) in California, geological focusing effect have received increasing interest as a result of some observations and records of anomalous ground shaking in Santa Monica and Sherman Oaks. This effect occurs because seismic waves radiating upward from depth may be redirected by the velocity contrast at curved interface. Former research efforts (e.g. Gao et al. 1996; Hartzell et al. 1997; Alex & Olsen 1998; Graves et al. 1998) suggested that geological focusing of wave energy by the shallow or deep basin-edge structures or deeper buried basin was the primary contributor to the high degree of damage concentration. In the early years of the current decade, Davis et al. (2000) , Baher et al. (2002) and Baher & Davis (2003) devoted to give the evidence for geological focusing effect of substructures. Davis et al. (2000) showed that geological focusing from a deep lens-shaped basin caused high amplification and surprisingly concentrated damage. Their results from 2-D finite difference simulation also showed that the amplification can reach the values of 2.1, 2.6 and 3.2 at frequencies of 3, 5 and 10 Hz, respectively, which are consistent with those of 1.9, 2.4 and 3.4 by optical focusing theory. Other earlier examples involving the geological focusing effect are the 2001 Nisqually earthquake in USA (PNSN 2001) , 1995 Kobe earthquake in Japan (Shiono et al. 1996) , 1967 Caracas earthquake in Venezuela (Rail 1984) and 1963 Skopje earthquake in Macedonia (Jackson 1971) .
In addition to 'geological' focusing mentioned above, there is another branch of the focusing behaviour, that is, 'geometric' focusing.
This phenomenon is, of course, related to the nature of geometry and can be also found in different kinds of waves (e.g. light and sound waves). In geometric optics, concave mirror is the useful focusing structure used by astronomers to bring the collimated light rays together at a so-called focal point (e.g. Hecht 2002 ). In acoustics, geometric focusing may happen in a room with a concave ceiling (e.g. Cremer & Muller 1982) . A person whispering on one side can sometimes be heard too loudly on the other side, as sound reflections tend to interfere constructively at focus. So too, the idea of 'geometric' focusing is conceptually reasonable for seismic waves. Semblat et al. (2002) showed that, for particular geometric configuration, 'geometric' focusing may play a key role in amplifying in-depth ground motions. Also, Semblat et al. (2005) showed that the geometry of Volvi basin in Greece and focusing effect at the centre of basin have strong influences on the amplification of seismic motion.
Taking the convex topography with circular-arc cross-section into consideration, it may have its own intrinsic focusing effect, which may lead to anomalous concentration of underground motion by collecting wave energy in much the same way as a concave mirror converges light waves. In other words, the location of maximum amplification is likely to occur beneath the ground surface, which may be of great interest for the seismic design of underground structures (e.g. pipelines, cables, mines, storage facilities, mass transit systems and deep excavations). However, there seem to be very few studies concerning the mechanism of 'geometric' focusing, in contrast with the above-mentioned studies for 'geological' focusing.
During the last three decades, the effect of concave or convex surface irregularity on the seismic ground response has been investigated extensively. For 2-D scattering problem of SH waves, the number of subjects on the convex topography seems to be less as compared to the concave one. Generally speaking, the adopted approaches used in these researches can be grouped into two major categories: theoretical and numerical methods. It is well known that no exact solution has been found except for a few simple geometric shapes. This is because, for surfaces coinciding with a separable coordinate system, the method of separation of variables can be applied straightforward to the wave equation to yield complete expressions for the associated characteristic functions. However, for some simple convex configuration, even for a semi-circular or semielliptical one, exact analytical solution has been difficult to obtain so far. Consequently, if the series solution can be constructed, it may be the best candidate for comparison with numerical solutions. Yuan & Men (1992) proposed an expansion technique to derive a series solution for the semi-circular hill. Afterward, Yuan & Liao (1996) attempted to get the series solution for the circular-arc hill by wavefunctions expansion method. Unfortunately, their series solution for such a problem is in error due to unsuitable connection between the domain decomposition and the expression of corresponding wavefield.
When the exact solution is unavailable, it is necessary to turn to numerical methods. Take the case of SH wave scattering for example, Boore (1972) used the finite difference approach to study a triangle-like protrusion. Smith (1975) employed the finite element method to solve the problem of a triangular mountain. Bouchon (1973) adopted the Aki-Larner technique to investigate a cosine-shaped ridge. Later, the same topic was addressed by Benites & Aki (1989) through the boundary integral-Gaussian beam method. For a Gaussian-shaped mountain, the integral equation method (Sills 1978) , discrete wavenumber method (Bard 1982 ) and boundary method (Sánchez-Sesma et al. 1982) have been utilized to treat the analogous problem. Geli et al. (1988) gave a good review of above works. Recently, Wirgin (1990) and Kouoh-Bille et al. (1991) employed the integral equation method and quasi modematching method to analyse the resonant amplification of surface ground motion for an isolated mountain with rectangular shape. Kouoh-Bille et al. (1992) further extended their analysis to a triangular mountain. More recently, Fu (2005) conducted the problem of convex semi-circular and Gaussian topographies by using several approximation theories, including Kirchhoff approximation theory, Rytov phase approximation, Born series method, etc. For the case of SV wave, Paolucci (2002) used Rayleigh's method to estimate the fundamental frequency of a triangular mountain. Bouckovalas & Figure 1 . Definition sketch for a convex circular-arc topography. Papadimitriou (2005) explored the seismic response of step-like slope topography by finite difference method. For the case of P wave, the boundary method was extended by Sánchez-Sesma (1983) to the problem of a 3-D axisymmetric ridge. For the case of Rayleigh wave, Ma et al. (2007) applied the finite element method to study the effect of a semi-circular hill on ground motions.
Nowadays, the fast development of modern high-speed computers makes various approximation methods more powerful and allows one to easily use sophisticated numerical techniques to deal with realistic surface configurations. However, one should avoid using them blindly because several things may sometimes go wrong and cause errors (e.g. accuracy, stability and efficiency). Therefore, the theoretical solution presented may still be essential because it can serve as critical cross-reference to help assess the reliability of numerical methods.
In the present work, a twofold objective is pursued. On one hand, the authors intend to derive a series solution to the scattering problem of a convex circular-arc topography subjected to plane SH waves. On the other hand, the authors expect to find a similar phenomenon of 'geometric' focusing in such a case via the derived series solution. During the process of deriving the series solution, the region-matching technique, wavefunction expansion method and Graf's addition formula are adopted. A variety of results of steadystate and transient responses are presented in Section 3. In Section 3.1.4, spectral variation and distribution of underground displacement amplitudes confirm the existence of 'geometric' focusing in the frequency domain. In Section 3.2.3, the snapshots of subsurface motion clearly demonstrate the focusing of wave energy in the time domain. Finally, we believe that the series solution presented herein cannot only provide adequate validation for numerical solutions, but also give us the fundamental insight and true nature into the 'geometric' focusing of the problem.
T H E O R E T I C A L F O R M U L AT I O N
The 2-D geometry of interest is sketched in Fig. 1 . An infinitely long, convex and circular-arc topography lies over a semi-infinite medium. Its half-width, height, radius and central angle are a, h, a 1 and 2β, respectively. The dimensionless height of the topography h/a is related to the angle β by h/a = tan(β/2) and confined to the range [0, 1]. The vertical distance from flat ground surface to the centre of the topography is e. The material property of the half-space is assumed to be isotropic, homogeneous and linearly elastic with shear modulus μ and shear wave velocity c s . The definitions of two Cartesian and two cylindrical coordinate systems are taken as shown in Fig. 1 . The origin of global coordinate systems (x, y) and (r, θ) is set at the intersection of flat ground surface and symmetry axis of the topography, whereas that of local coordinate systems (x 1 , y 1 ) and (r 1 , θ 1 ) is located at the centre of curvature of the convex topography. An incident plane SH wave of unit amplitude propagates at an angle α to the negative y-axis.
As seen in Fig. 1 , through introducing a semi-circular auxiliary boundary S a with radius a, the half-space is divided into two regions, an open region (1) and an enclosed region (2). In these two regions, the steady-state out-of-plane motions are required to satisfy the governing Helmholtz equations, namely
where ∇ 2 is the cylindrical Laplacian and k = ω/c s is the shear wavenumber. The subscripts, 1 and 2, designate the total displacement field in region (1) and (2), respectively. The time-harmonic factor exp (i ωt) is suppressed in all the expressions throughout this paper.
The zero-stress boundary conditions on the flat ground surface and the circular-arc surface are
In addition, two matching conditions on the auxiliary boundary S a , which assure the continuity of displacement and stress fields, can be written as
In open region (1), the free field displacement u F (r, θ), which is the sum of the incident and reflected wavefield, can be represented as
Employing two expansion formulas (see Watson 1958; Abramowitz & Stegun 1972) to rewrite the exponential form into a series of Bessel functions, the free field displacement can be reexpressed as
where ε n is the Neumann factor and J n (·) denotes the nth order Bessel function of the first kind. Note that this expression automatically satisfies the boundary condition on the ground surface (eq. 2).
As to the 'total' scattered field u S (r, θ) in open region (1), it can be separated into two parts, u S0 (r, θ) and u S2 (r, θ). So,
The first part u S0 (r, θ) is the scattered field excluding the effect of region (2). It also corresponds to the scattered field derived by Trifunac (1973) for a semi-circular canyon, that is,
where H
n (·) is the nth order Hankel function of the second kind and the prime notation means differentiation with respect to the argument.
The second part u S2 (r, θ) is the contribution due to the presence of region (2). Its proper wavefunction is as follows.
where the complex expansion coefficients A n and B n are unknown. Taking advantage of partitioning the complete scattered field u S (r, θ), one may banish the scattered field of a semi-circular canyon from the relationships between regions (1) and (2). The unknown coefficients of u S2 (r, θ) in region (1) are then clearly and directly correlated with those of u 2 (r, θ) in region (2). This can be seen later in eqs (13) and (14).
The displacement of the resultant wavefield u 1 (r, θ) in open region (1), which is the combination of the free wavefield u F (r, θ) and the scattered wavefield u S (r, θ), can be expressed as
Accordingly, in enclosed region (2), the displacement of wavefield u 2 (r, θ), satisfying the Helmholtz equation (eq. 1), is given by
in which the complex expansion coefficients C n , D n , E n and F n are to be determined. Afterward, applying the orthogonal properties of sine and cosine functions to the matching conditions (eqs 4 and 5) and integrating over the range [−π/2, π/2], the following relationships for the unknown coefficients are obtained.
2n (ka)
2n+1 (ka) 
where the functions W m,n , I C1 m,n and I S1 m,n are given by
Next, under the zero-stress requirement on the circular-arc surface (eq. 3), the necessary shift from the cylindrical coordinate system (r, θ) to (r 1 , θ 1 ) is accomplished by use of Graf's addition formula for Bessel functions. This formula given by Watson (1958) is rewritten in a suitable form for our purpose, that is,
where
With use of eq. (20), the antiplane motion in enclosed region (2) can be re-expressed as
Enforcing the traction-free boundary condition on the circular-arc surface (eq. 3), integrating over the range [π −β, π +β], eliminating the expansion coefficients C n and D n , respectively, and rearranging yields the following linear system for the unknown coefficients E n and F n ,
where δ p,q is the Kronecker delta function, and the functions S 
A limiting case, a 'semi-circular' one, exists when the topography height h equals to its half-width a (which corresponds to β = π/2). At the moment this implies that I (23) and (24) can be reduced to the following infinite systems of equations,
Above two equations involve just a single summation term and are distinct from eqs (19) and (20) in the work of Yuan & Men (1992) , which involve the 'double' summation form. Nevertheless, our graphical results (obtained from eqs 29 and 30) show not only good agreement with those given by Yuan & Men (1992) , but also with those given by Sills (1978) and Fu (2005) . Detailed comparisons will be shown in Section 3.1.1. From the computation cost point of view, our derived equations are easier to calculate and much more elegant and concise than those in Yuan & Men (1992) , because the 'double' summation form is complicated with quite an amount of computational expenses for Bessel and Hankel functions and their derivatives.
When one is dealing with numerical procedures, it is necessary to truncate the infinite series to a finite number. In eqs (23) and (24), the summation indexes n and p are truncated to N terms, whereas the index m is truncated to M terms. In eqs (29) and (30), only one summation index n needs to be truncated. The number of truncated terms, which will be taken into consideration, depends only on the accuracy requirement. After truncating the infinite series properly, the unknown coefficients E n and F n may be solved, respectively by standard matrix techniques. Once the unknown constants E n and F n are obtained, it is possible to evaluate the coefficients A n , B n , C n and D n by means of the eqs (13)-(16) in a straightforward way. Indeed, the physical quantities of interest, which are relative to the representations of wavefields at a fixed position in the domain concerned, can now be computed.
The displacement amplitude is given in terms of the wavefields by eqs (11) and (12), that is,
where Re(·) and Im(·) are the real and imaginary part of a complex expression, respectively. Note that in the next section, the free wavefield is directly evaluated via eq. (6) during the computation of total displacement amplitude for region (1). For the earthquake engineering studies, it is very convenient to define the dimensionless frequency (or dimensionless wavenumber) η as the ratio of the maximum width of the convex topography to the incident wavelength λ, that is,
According to this definition, if the dimensionless frequency η is small (which corresponds to a 'low' frequency case), it means that the dimension of the topography is small compared with the wavelength, and vice versa. 
N U M E R I C A L R E S U LT S A N D D I S C U S S I O N S

Frequency-domain responses
Convergence tests
In order to specify the truncation limit of the infinite series in eqs (23) and (24), convergence tests are done first. It is worth emphasizing that the M terms of summation should be accurately computed by numerically testing for their convergence, thereby leaving only one parameter to eliminate the phenomenon of relative convergence, that is, the N terms of summation. After some numerical experiments, M = 200 are chosen for all figures hereafter. Fig. 2 gives the adequate truncation value N at η = 2.0, 6.0 and 12.0 for four dimensionless heights of the topography (h/a = 0.25, 0.5, 0.75 and 1.0). As can be seen in Fig. 2 , the truncation value increases as the topography height or dimensionless frequency becomes higher. Since the case of h/a = 1.0 requires more terms than the other ones, it is selected to display the convergence of displacement amplitudes on the convex surface. In Fig. 3 , the surface amplitudes at positions P 1 , P 2 and P 3 (corresponding to θ = −3π/4, π and 3π/4, respectively) for η = 2.0, 6.0 and 12.0 are calculated with respect to the truncation value N . From Figs 3(b) and (c), one can observe that the convergence is achieved at N = 18 for η = 2.0 and at N = 34 for η = 6.0. For a relatively high value of dimensionless frequency (η = 12.0), N = 54 is sufficient (see Fig. 3d ). Indeed, Fig. 3(d) shows that the present series solution is still efficient in much higher frequency range. A sequence of calculations with different values of frequency (up to η = 12.0) has been done to perform the time-domain analysis in Section 3.2. 
Validation for the convex semi-circular topography
For a convex semi-circular topography (h/a = 1.0), the validation of eqs (29) and (30) is made via several existing works. Four cases of incident angles shown in fig. 3 of Yuan & Men (1992) for the distribution of surface ground motion at η = 1.0 are calculated in Fig 4. Fig. 4(a) is for α = 0
• and 30 • , while Fig. 4 (b) is for α = 60
• and 90
• . The corresponding position of the convex surface is within the range from x/a = − 1.0 to 1.0 (bold line). From Fig. 4 , one can find that our results are in accordance with theirs.
Next, the surface ground motions shown in figs 6(b) and 15 of Fu (2005) are calculated in Fig. 5 . Fig. 5(a) is for α = 0
• at η = 0.5 and 2.0, while Fig. 5(b) is for η = 3.0 at α = 0
• and 60
• . Then, the cases shown in fig. 6 of Yuan & Men (1992) and in fig. 14 of Sills (1978) for the displacement amplitude versus dimensionless frequency at α = 0
• and 30
• are calculated in Fig. 6 . Fig. 6 (a) corresponds to the position P 2 on the convex surface, while Fig. 6(b) corresponds to the position P 3 . As can be seen in Figs 5 and 6, there are only slightly discernible differences between our results and theirs. Evidently, above graphical results ensure that no mistakes are made in the formulation and degeneration process. 
Surface ground motion for different topography heights
In order to demonstrate the effect of the topography height h/a on the displacement amplitude |u|, the surface response calculations for h/a = 0.25, 0.5 and 0.75 at four incident angles (α = 0
• , 30
• , 60
• ) are done in Fig. 7 . The plotted range of the dimensionless distance x/a is from − 4.0 to 4.0.
For vertical incidence (α = 0 • ) in Fig. 7(a) , the symmetric feature of motions, due to the symmetry of the topography, is expected. The increase of h/a enhances the amplification and de-amplification of motions on the convex surface. Motion on both flanks of the topography changes alternatively with sharp peaks and dips, which get closer near the base. The largest amplification takes place on both lower sides of the topography.
For oblique incidence in Figs 7(b) and (c), the relative maximum of displacement amplitude on the convex surface seats mostly on the right-hand flank. In the case of h/a = 0.75, the maximum moves towards the right-hand base at higher frequency. Moreover, the topography seems to behave like a screen. This makes the displacement amplitude on the flat surface at right-hand side (x/a > 1) different from that at left-hand side (x/a < −1). The oscillatory frequency of motion patterns at the right-hand side is lower than that at the left-hand side. Yuan & Men (1992) and Sills (1978) .
For horizontal incidence (α = 90
• ) in Fig. 7(d) , the trend of motions on the left-hand flat surface tends to a standing wave pattern, while that on the right-hand flat surface tends to a monotonous and smooth curve. The displacement amplitude on the left-hand convex surface is de-amplified due to the shielding effect. Besides, the maximum response usually occurs near the right-hand base of the topography.
Geometric focusing in the frequency domain
Based on the geometric optics theory, it is reasonable to anticipate that the convex circular-arc topography itself has a focusing geometry, producing high amplification in a localized zone. For the case of vertical incidence (α = 0
• ), the symmetry of the geometry makes it easy to locate the focusing region, that is, the focus is certainly on the central axis of the topography. So, to reveal the potential focusing phenomenon, Fig. 8 gives two plots for the spectral variation of displacement amplitudes along the central axis of the topography, ranging from the top of the topography (y/a = −1.0) to the bottom of the auxiliary boundary S a (y/a = 1.0) for the dimensionless depth y/a and from 0.0 to 12.0 for the dimensionless frequency η. For h/a = 1.0 in Fig. 8(a) , the focusing of wave energy mostly takes place at a depth between y/a = −0.5 and −0.75, but at some frequencies (such as η = 5.0-5.3 and 8.5-9.5), the local maximums of displacement amplitudes are located on the top of convex surface (y/a = −1.0). For h/a = 0.5 in Fig. 8(b) , the location of focusing occurs at a depth between y/a = −0.125 and 0.125, and it shifts downward slightly with increasing frequency. In Figs 8(a) and (b) , different modes are also concerned. Following the same crest in Fig. 8 leads to an upward shift for increasing frequency. Comparing Fig. 8(a) with 8(b) , it is clear that the focusing area and focusing intensity for h/a = 0.5 are larger and higher, respectively, than those for h/a = 1.0. The reason for this may lie in the fact that the geometric shape for h/a = 0.5 is very close to a parabola. Thus, one can think of this convex topography as a parabolic concave mirror, whose shape is ideal for taking light waves and focusing them to a point. Such a case in Fig. 8(b) is indeed capable of converging wave energy and producing high amplification, which can reach over three times of that for free-field response as η ≥ 11.0. Besides, one can observe that the amplification seems to increase with increasing frequency within the range of calculated values. This feature can be also seen in the 'geological' focusing mechanism (see Davis et al. 2000) .
Since from Fig. 8 the focusing phenomenon in the case of h/a = 0.5 is more obvious than that in the case of h/a = 1.0, the former is chosen to further examine the influence of geometric focusing on the underground motion. Fig. 9 gives two contour plots of the distribution of displacement amplitudes at η = 6.0 (which is selected based on Fig. 8b ). Figs 9(a) and (b) correspond to the vertical (α = 0
• ) and oblique (α = 30 • ) incidence, respectively. As shown in Fig. 9(a) , the apparent enhancement of wavefield can be found on the central axis of the topography and at almost the same level of the ground surface. The amplification is about 2.6 times of that for free-field response. In Fig. 9(b) , the amplification can reach about 2.0. However, there is a position offset for the focusing region. The focus is situated at the coordinate (0.38, 0.12). In fact, it is not easy to forecast the location of the focus in the frequency domain for oblique incidence, which depends on the incident angle and frequency as well as the geometry of topography (i.e. the value of h/a).
Time-domain responses
In this subsection, the model response in the time domain is obtained from the frequency-domain solution using Fast Fourier Transform technique. The incident signal, a symmetric Ricker wavelet (e.g. previously used by Kawase 1988) , is taken and defined as
where f c is the characteristic frequency of a wavelet, which is selected here to be 1.5 Hz (this choice is just to emphasize the scattering and focusing effect of the convex topography). The calculated frequencies are 96 in total, ranging from 0.0 to 6.0 Hz with 0.0625 Hz intervals. The time window is chosen as 16 s. The half-width of the topography a is set to be 1 km. The shear wave velocity of the half-space c s is taken as 1 km s -1 .
Surface ground motions
For the sake of obtaining a clear idea of the effect of topography height on the transient surface ground motions, two synthetic seismograms for h/a = 1.0 and 0.5 are plotted in both Figs 10 and 11. Fig. 10 is for the case of vertical incidence (α = 0 • ), whereas Fig. 11 is for the case of oblique incidence (α = 30 • ). All of these diagrams contain 81 time-series received from equally spaced stations located along the ground surface between x/a = − 4.0 and 4.0. For the arrows (labelled by Ls1, Rs1, r , etc.) shown in Figs 10(a) and 11(a), they will be interpreted in detail in the next subsection.
For the vertical incidence case (see Figs 10a and b) , the records received at stations on the convex surface (|x/a| ≤ 1.0) display a continuous X-shaped pattern due to the scattered waves radiating from the feet of the topography (x/a = ±1.0). For signals on the flat surface (|x/a| > 1.0), the reflected wave from the convex surface and a series of scattered waves from the feet of the topography arrive after the direct waves. Besides, ground motions on the flanks of the topography are amplified because of the constructive interference between the incident, reflected and scattered waves inside the topography.
For the oblique incidence case (see Figs 11a and b) , the signals recorded at stations on the convex surface (|x/a| ≤ 1.0) demonstrate that the interference between the incident, reflected and scattered waves for the higher topography is more complex than that for the lower one. The amplitude of direct waves observed on the left-hand flank (−1.0 < x/a < 0.0) of the topography is smaller than that on the right-hand flank (0.0 < x/a < 1.0). This is because the left-hand flank is in the shielding area, whereas the right-hand one is in the illumination area. For stations on the flat surface (| x/a | > 1.0), the number of received signals of scattered waves generating from the feet of the topography in Fig. 11(a) is more than that in Fig. 11(b) . Overall, one can find from Figs 10 and 11, the waveform and duration are significantly affected by the change of topography height, especially for those received at stations on the convex surface (|x/a| ≤ 1.0). To further see these points, Figs 12 and 13 give, respectively, the maximum durations and peak values of recorded signals from stations on the convex surface for h/a = 0.25, 0.5, 0.75 and 1.0 at α = 0
• . In Fig. 12 , the maximum duration for the higher topography is longer than that for the lower one. Furthermore, the maximum duration appears to increase with the increasing incident angle α. This is because the increase in topography height and incident angle leads to the increase in the interaction time between the incident, reflected and scattered waves inside the topography. From Fig. 13 , one can find that the maximum peak value for vertical incidence (α = 0
• ) decreases with decreasing topography height. Also, Fig. 13 shows that the time-domain amplification is lower than the spectral amplification.
Subsurface ground motions
In order to exhibit how the SH pulse reaches the convex topography and the scattered wave propagates, the transient displacement distribution underground for h/a = 1.0 is computed. The snapshots at six specified times for vertical (α = 0
• ) and oblique (α = 30 • ) incidence are illustrated in Figs 14 and 15 , respectively. In each frame, the computational region within the rectangle of [−4, 4] × [−1, 4] is discretized into 320 × 200 meshes with uniform spacing. To identify wave patterns easily, the greyscale values for all time slices are set in the range of −0.4 to 0.4.
As seen in Figs 14 and 15, they give a good portrait of the transient behaviour of subsurface ground motions. Scattering and diffraction of the SH pulse around a convex topography can be explicitly visualized. When the pulse comes to the object, the feet of the topography behave as new sources generating scattered waves. The characteristic feature of diffraction is that part of the reflected wave front from the flat surface appears to bend and then continuously regenerate itself. In addition, with the aid of these snapshots (Figs 14 and 15) , the previous synthetic seismograms shown in Figs 10(a) and 11(a) can be explained in more detail below.
For the vertical incidence case (α = 0 • ), when the incident pulse strikes the foot of the topography at t = 4.0 s (see Fig. 14a ), the scattered waves labelled by arrows Ls1 and Rs1 originate from the feet of the topography (see Fig. 14b ). The letters 'L' and 'R' denote the left-and right-hand feet of the topography, respectively. Afterward, the reflected wave from the convex surface (marked by arrow r ) propagates downwards (see Fig. 14c ) and hits the feet of the topography (see Fig. 14d) ; thereby, the scattered waves labelled by arrows Ls2 and Rs2 radiate from these two points (see Figs 14d-f).
For the oblique incidence case (α = 30 • ), when the incident wave impinges the left-hand foot of the topography, the scattered wave labelled by arrow Ls1 originates (see Fig. 15a ). Subsequently, the impact of the incident wave against the right-hand foot of the topography gives rise to the scattered wave labelled by arrow Rs1 (see Fig. 15b ). Next, the reflected wave (marked by arrow r ) from convex surface (see Fig. 15c ) hits the right-and left-hand feet of the topography in turn (see Fig. 15d ) and then the scattered waves labelled by arrows Rs2 and Ls2 generate (see Fig. 15e ).
Geometric focusing in the time domain
Since the existence of geometric focusing by convex circular-arc topography has been confirmed via numerical evidences in the frequency domain (see Section 3.1.4), the time-domain evidences are also presented herein to lend support to such a focusing phenomenon.
In previous subsection, Figs 14(b) and 15(b) have been picked to display the focusing for h/a = 1.0 at vertical and oblique incidence, respectively. Here, Fig. 16 gives this interesting phenomenon for h/a = 0.5. Fig. 16(a) corresponds to α = 0
• , while Fig. 16 (b) corresponds to α = 30
• . From Figs 14(b), 15(b) and 16, one can clearly find that the geometric focusing occurs beneath the ground surface. The peak amplitudes in the focusing regions for h/a = 1.0 at α = 0
• are of about 2.36 and 2.45, respectively, while those for h/a = 0.5 are of about 2.78 and 2.50. Comparing these two sets of peak values, the case of h/a = 0.5 is larger than that of h/a = 1.0. This point fits the frequency-domain result in Fig. 8 . The authors believe the primary reason for this is that the case of h/a = 0.5 has a parabola-like shape.
For vertical incidence (α = 0 • ) in Fig. 16(a) , the focusing region is nearly a circle of radius 0.25 km, which is similar to the frequencydomain result in Fig. 9(a) . The focus is located on the central axis of the topography and at the depth of about 0.125 km. According to geometric optics (e.g. Hecht 2002), the focal length f for concave 
where a 1 is the radius of curvature of the circular-arc surface. Hence, in the present case of h/a = 0.5, whose radius of the circular-arc surface is 1.25 km, the focal length is 0.625 km. After subtracting the value of h/a from that of the focal length, the location of the focus is obtained, that is, at the depth of 0.125 km. By comparing this value predicted by the geometric optics theory with that calculated from our simulation, one can see that they are exactly matched with each other. For oblique incidence (α = 30 • ) in Fig. 16(b) , the highly concentrated pattern also consists with the frequency-domain result in Fig. 9(b) . The focus is located at the depth of about 0.1 km, but it has a horizontal offset of about 0.375 km from the central axis of the topography. As to the value of the vertical location of focus, it seems to be a little different from that obtained from eq. (34).
C O N C L U S I O N
The scattering problem of plane SH waves by convex circular-arc topography has been addressed. The used method was based on the wavefunction expansion method, cooperating with the regionmatching technique, to derive a series solution. Results of both the steady-state and transient responses have been presented. For the semi-circular case, the proposed formulation was in a more condensed form than that given by Yuan & Men (1992) and its plotted results compared well with reported reference ones. Furthermore, taking into account the focusing effect of a convex mirror in geometric optics, the derived series solution has been applied to detect and confirm the existence of focusing phenomenon by convex circular-arc surface. Numerical evidences given in both the frequency and time domains have shown that the localized zone of large amplification is attributed to geometric focusing. In our examined cases, motions in the focal region exhibited high-amplitude. The geometry shape studied herein not only enriches the catalogue of known series solutions, but also provides an additional test-bed for the validation of numerical codes. The presented results give the increasing recognition of the role of geometric focusing of wave energy and they also have potentially important implications for predicting possible location of highly concentrated damage in the subsurface area and for the earthquake resistant design of underground structures.
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